Abstract Composition and molecular mass distribution of n-alkanes in asphaltenes of crude oils of different ages and in wax deposits formed in the borehole equipment were studied. In asphaltenes, n-alkanes from C 12 to C 60 were detected. The high molecular weight paraffins in asphaltenes would form a crystalline phase with a melting point of 80-90°C. The peculiarities of the redistribution of high molecular paraffin hydrocarbons between oil and the corresponding wax deposit were detected. In the oils, the high molecular weight paraffinic hydrocarbons C 50 -C 60 were found, which were not practically detected in the corresponding wax deposits.
Introduction
Waxes and asphaltenes are the most important constituents of crude oils because they have a great influence on crude oil properties. Waxes are a complex mixture of solid (at ambient temperature) hydrocarbons which consist mainly of paraffin hydrocarbons with a small amount of naphthenic and aromatic hydrocarbons as well as polar compounds. There are two general classes of petroleum waxes. Waxes that are composed primarily of normal alkanes (n-alkanes) with a chain length of C 18 -C 30 and crystallize in large flat plates (macrocrystalline structures) with a melting point of 40-60°C are referred to as paraffin waxes (Jowett 1984) . Waxes, which consist primarily of the higher molecular weight n-alkanes within C 30 -C 60 , with a high share of iso-paraffins and naphthenes, and have much higher melting point ranges (above 60-90°C), are referred to as microcrystalline waxes. According to Musser and Kilpatrick (1998) , paraffinic and microcrystalline waxes have molecular weight ranges of 350-600 and 300-2500, respectively.
The ratio of paraffinic to microcrystalline waxes in oils depends on origin of oils (Tissot and Welte 1978; Musser and Kilpatrick 1998; Philp 2004; Fazeelat and Saleem 2007) . However, in most cases, the higher molecular weight paraffin hydrocarbons (microcrystalline type) are present in very low concentrations or are absent in produced oils. This is due to their low mobility and limited solubility in crude oil. As a result, these components remain in the reservoir rocks or precipitate out in borehole equipment when the temperature and pressure change. It was demonstrated repeatedly that high molecular weight nalkanes were concentrated in solid deposits formed in well equipment and pipelines (Philp et al. 1995; Chouparova et al. 2004) . Moreover, the concentrations of high molecular weight paraffin hydrocarbons in oils, which are determined by high temperature gas chromatography (HTGC, one of the main methods for investigating hydrocarbon composition of oils) (Lipsky and Duffy 1986; Hawthorne and Miller 1987) , are underestimated because of the poor solubility of the high molecular weight hydrocarbons in the solvent and the difficulty in eluting of & Yulia M. Ganeeva yuyand@yandex.ru such high boiling components even at 440°C, resulting in the bias of response toward the shorter-chain homologs (Philp et al. 1995) . Asphaltenes are the heaviest and most polar compounds in crude oils with the highest aromaticity and polarity. They consist of fused polynuclear aromatic systems, heteroatoms (S, N, and O), alkyl chains, and heavy metals (e.g. Ni, V). Asphaltenes are defined according to their solubility, i.e., as the fraction of the crude oil which is soluble in toluene and precipitates in low boiling point alkanes (n-pentane, n-heptane). Two of the representative structures for the asphaltene molecules belong to the ''island'' and ''archipelago'' structures (Groenzin and Mullins 2000; Acevedo et al. 2007 ). According to ''island'' structure, the most dominant part of the molecule is a planar polycyclic aromatic system containing on average 7 aromatic rings, and this aromatic system has poor alkyl substitution. The mean molecular weight for ''island'' asphaltenes is 750 with a distribution 500-1000, and the mean size is 2 nm (Mullins et al. 2012 ). The ''archipelago'' model (Acevedo et al. 2007; Strausz et al. 2008) represents several fused ring systems that are interconnected by alkyl chains. These two molecular structures probably coexist, and the debate is now centered on their proportions and specific roles in an asphaltene mixture.
As can be seen, asphaltenes and waxes differ greatly in chemical properties from each other and from other oil fractions. Asphaltenes are the most aromatic and polar fraction, waxes-most aliphatic and nonpolar. However, despite these differences, these two oil fractions are similar in that they have a high molecular weight, aggregate or associate in solutions, and have a limited solubility in crude oil. The waxes and asphaltenes have a dramatic influence on the properties of crude oil and can cause problems related to crystallization and aggregation, respectively. Changes in pressure, oil composition, and temperature often induce paraffin crystallization and/or asphaltene flocculation and precipitation. Wax-and asphaltene-related problems include solid deposits, stabilization of a water-oil emulsion, and sludge production. Determination of wax and asphaltene contents is a routine analytical requirement for crude oil quality control. In order to study the composition and properties of waxes and asphaltenes, they are isolated from oil by specially developed procedures. In general, the asphaltenes are isolated from oils first; waxes are isolated from deasphalted oil. In other words, the waxes are isolated from the oil system from which the asphaltenes have been removed beforehand [from maltenes (Branthaver et al. 1983; Elsharkawy et al. 2000; Fazeelat 2006; Alcazar-Vara and Buenrostro-Gonzalez 2011) or saturates (Yang and Kilpatrick 2005; Lu et al. 2008) ]. However, the traditional methods used to isolate asphaltenes by adding 40 volumes in excess of low boiling point paraffin hydrocarbons can produce a fraction which is contaminated with a significant amount of waxes (Chouparova and Philp 1998; Thanh et al. 1999; Liao et al. 2006; Acevedo et al. 2009; Coto et al. 2011) . The presence of paraffin hydrocarbons in asphaltenes can be explained by their coprecipitation as a result of low solubility in low molecular weight n-alkanes (Thanh et al. 1999; Coto et al. 2011) , by interaction between the alkyl lateral chains (C 7 -C 10 ) of asphaltenes with high molecular weight n-alkanes (Garcia and Carbognani 2001; Stachowiak et al. 2005; Ganeeva et al. 2014) , and by their adsorption and/or occlusion inside asphaltene aggregates (Liao et al. 2005 (Liao et al. , 2006 Acevedo et al. 2009; Gray et al. 2011) . Now, it is well-known that the asphaltenes exist as three-dimensional aggregates due to the strong intermolecular forces such as hydrogen bonding and p-bonding (Murgich 2002 ) and even at very low concentration as 50-150 mg/L in a good solvent such as toluene (Mullins et al. 2012) . The wax coprecipitation increases the apparent yield of asphaltenes, decreases the yield of waxes, and leads to incorrect determination of the composition and properties of asphaltenes and waxes, to provide misleading and ambiguous results in modeling and treatment programs. Methods for the separation of waxes from asphaltenes have been developed (Thanh et al. 1999; Schabron et al. 2012) .
It is impossible to avoid the coprecipitation of high molecular paraffin hydrocarbons with asphaltenes under the standard procedure of oil deasphalting. This phenomenon can be used to concentrate the most high molecular paraffin hydrocarbons to study their composition and properties in some detail. Hence the goal of this paper is focused on an examination of the waxes in asphaltenes of different oils and corresponding solid deposits.
Experimental
Five crude oils (designated as oil 1-5) and three solid deposits (designated as deposit 3-5) were selected from oil fields of Russia and Kyrgyzstan (Table 1 ). The crude oils 1-3 were produced from oil reservoirs of different ages in the Samara region (Russia): Carboniferous (Bashkirian and Tournaisian stages) and Devonian periods, respectively. The crude oils 4 and 5 were produced from the giant Romashkinskoe oil field of Tatarstan (Russia) and the Maily-Su oil field (Kyrgyzstan), respectively. The solid deposits 3-5 formed in the borehole equipment during production of crude oils 3-5, respectively. Chemical composition, some properties of these crude oils and solid deposits, as well as the age of the oil reservoirs, from which the crude oils were produced, are shown in Table 1 .
Asphaltenes were precipitated by a 40-fold excess dilution of the crude oil with petroleum ether (boiling point 40-70°C). The precipitated asphaltenes were washed in a Soxhlet apparatus with petroleum ether until the filtrate was colorless. Then the asphaltenes in the filter were washed out with benzene, which was then evaporated. Waxes were isolated from the deasphalted resin-free crude oil according to the European standard method EN 12606-2. The deasphalted oil (maltenes) was adsorbed onto silica gels, previously activated at 120°C overnight. After adsorption the silica gel was washed with a mixture of 3:1 petroleum ether/carbon tetrachloride, the obtained extract was then concentrated to yield resin-free oil. The resin-free oil was dissolved in a mixture of 1:1 acetone/benzene in the ratio of 1 g sample per 10 mL solvent and thereafter cooled to the temperature of -20 ± 1°C. The waxes present in the oil precipitated, and then they were washed by hot benzene and finally weighed after solvent removal. Resins with silica gels were washed off with a mixture of 1:1 benzene/isopropanol.
Asphaltenes and waxes from solid deposits were isolated similarly. It should be noted that before the study the solid deposits were purified from mechanical impurities.
Hydrocarbon composition of waxes was analyzed by gas chromatography (GC) on a Perkin-Elmer chromatograph with a flame-ionization detector in the mode of temperature programming from 20 to 400°C. PE-5ht capillary column (30 m long, 0.25 mm in internal diameter) and 5 %-phenil-95 %-methylpolysiloxane with a film thickness of 0.1 lm were used as the stationary phase. The flow rate of the helium carrier gas was set at 2 cm 3 /min. 1 % solutions of the samples in carbon tetrachloride were prepared. The calibration was carried out using n-C 20 .
As was shown by Ganeeva et al. (2014) , the n-alkanes dominate the chromatograms of oils, waxes, and asphaltenes; therefore, further we discuss only the molecular mass distribution (MMD) of n-alkanes in waxes, estimated by the method of internal normalization.
Thermal characterization was carried out with a C80 calorimeter (Setaram, France). The temperature calibration was performed using indium. The energy calibration was performed using the Joule effect method in the factory and checked by measuring the heat of fusion of naphthalene. Each sample (5-10 mg) was first heated to 100°C, held isothermally for 1 min, and then cooled to ambient temperature at a rate of 1°C/min. In order to delete any thermal history effects, two heating/cooling cycles were recorded, so that crystallization and melting properties were obtained from the second cycle. Measured thermal characteristics include temperatures and enthalpies of melting and crystallization of waxes. The temperature of melting (T melt ) was determined as the extreme point (minima) on heat flow curves. The enthalpy of melting was calculated as the area defined by the heat flow curve and base line between the points of onset and end of the endothermic effect on the heat flow curve. The wax appearance temperature (T wa ) of crude oils was determined as the onset of an exothermic peak on the heat flow curves under cooling (Table 1 ). The experimental uncertainties in the measurements of temperatures and enthalpies were ±0.5°C and ±0.01 J/g, respectively.
3 Results and discussion 3.1 High molecular weight paraffin hydrocarbons in oils
It was found that the n-alkanes with a wide range of carbon numbers were present in oil asphaltenes, which were determined by GC (Fig. 1) . In asphaltenes 1-3, n-alkanes were present with a carbon number of 10-60; their MMDs were polymodal with clearly marked predominance of one of the modes at C 16 -C 18 , C 12 -C 14 , and C 54 -C 56 , respectively. In asphaltenes 4, the n-alkanes had a carbon number of 20-54. MMD of these n-alkanes was bimodal with the dominating maximum at carbon numbers of 40-42. The asphaltenes 5 contained n-alkanes C 20 -C 60 , and their MMD was unimodal with the maxima at a carbon number of 52-54. It should be noted that all asphaltenes were black and shiny and nothing indicated that they contain paraffin hydrocarbons.
The presence of high molecular weight mode in MMD of n-alkanes in asphaltenes suggests that these coprecipitated paraffinic hydrocarbons can form a crystalline phase. Indeed, on the heat flow curves of the asphaltenes 3-5 at a temperature interval of 80-90°C, a well-resolved narrow (10-15°C width) endothermic peak indicating the melting of the crystalline phase of waxes (Fig. 2) was observed. The heat flow curve of the asphaltenes 5 is not shown on Fig. 2 because the content of the crystalline phase of paraffin hydrocarbons in them was low (enthalpy of melting of the crystalline phase is only 2.5 J/g) and at the scale of figure, the effect of melting was not visible. Values of the enthalpy of melting of the crystalline phase in asphaltenes 3 and 4 were 119.6 and 108.4 J/g, respectively. In asphaltenes 1 and 2, in which the low molecular weight n-alkanes dominated, the crystalline phase was not observed.
A comparison was made between compositions of waxes coprecipitated with asphaltenes and waxes which were isolated from maltenes using acetone. In most cases, the isolation of waxes from crude oil was carried out using acetone by various modifications of the Burger method (Burger et al. 1981) , when the waxes were isolated from maltenes (Branthaver et al. 1983; Elsharkawy et al. 2000; Fazeelat 2006 ; Alcazar-Vara and Buenrostro-Gonzalez 2011) or saturates (Yang and Kilpatrick 2005; Lu et al. 2008) .
According to the GC data on waxes isolated from crude oils by the standard method, the low molecular weight nalkanes with carbon atoms \16 and high molecular weight homologs with a carbon number [50 were absent (Fig. 3) . The waxes from investigated oils contained n-alkanes C 18 -C 48 and exhibited unimodal MMDs with maxima at C 26 -C 28 . It is evident that the waxes isolated from different oils by the standard method were almost the same, did not contain high molecular weight hydrocarbons, and did not characterize the peculiarities of hydrocarbon composition of oils studied. The MMDs of n-alkanes of waxes in asphaltenes and waxes isolated from crude oils by the standard method demonstrated (Figs. 1, 3 ) that in asphaltenes, there were n-alkanes with a wider range of carbon numbers of 12-60?, their MMD was polymodal, and one of the maxima of MMD was shifted to higher molecular mass.
On the example of the oils from oil reservoirs of different ages in the Samara region, Russia (oils 1-3), it is shown that the MMDs of n-alkanes in the asphaltenes were quite different depending on the age of the oil reservoir from which the oils were produced (Fig. 1) . So, in the asphaltenes of crude oil 1 taken from the Bashkirian stage (Carboniferous period), the main wide maximum of MMD was C 16 -C 28 . With an increase in the age of oil reservoirs (Tournaisian stage, Carboniferous period), the main maximum of MMD of n-alkanes in asphaltenes was shifted to low molecular weight n-alkanes C 12 -C 13 (asphaltenes of oil 2) when the occurrence depth increased. In asphaltenes of oil 3 taken from greater depth (Devonian period), low weight molecular n-alkanes were practically absent and the main maximum of MMD was at carbon numbers of 54-56.
Most possibly, the presence of low molecular n-alkanes in the asphaltenes is caused by their being trapped by porous structure of asphaltenes, while the presence of high molecular weight homologs in asphaltenes is a result from coprecipitating when the standard procedure of deasphalting by low molecular weight n-alkanes is used. The decrease in the share of low molecular weight n-alkanes in asphaltenes with the increase of the age of oil reservoir may result from: (1) decrease in the share of low molecular weight n-alkanes in greater depth crude oils and/or (2) compression of asphaltene aggregates: when the occurrence depth of oil reservoirs increases, the asphaltene aggregates in oil become denser and their ability to occlude low molecular weight oil hydrocarbons reduces. The increase in the share of high molecular weight n-alkanes in asphaltene with increasing age of oil reservoir is explained by the increase in their share in the oils, from which asphaltenes are precipitated (Ganeeva et al. 2010) .
Thus, asphaltenes contain paraffin hydrocarbons with a wide range of carbon numbers from 10 to 60 (depending on the composition of oil), and their MMD can depend on the structure of asphaltenes and hydrocarbon composition of oil. High molecular weight paraffin hydrocarbons in asphaltenes can form crystalline phases. The content and composition of waxes isolated from deasphalting resin-free oil do not represent the total content, and compositional features of all waxes present in crude oil. For a more complete study of the composition and properties of oil waxes, especially as regard to their most high molecular weight paraffins, an accurate study of the asphaltenes is required.
The phenomenon of coprecipitation of the most high molecular weight paraffin hydrocarbons with asphaltenes at the standard procedure of deasphalting was used by us for studying the redistribution of high molecular weight paraffin hydrocarbons between oils and solid deposits formed in well equipment during oil production. For this purpose, we studied the composition of paraffin hydrocarbons in corresponding solid deposits focusing on the study of waxes in asphaltenes from solid deposits.
The composition and properties of waxes in wax deposits
The solid deposit formed in producing wells, in borehole equipment, and pipelines is known to represent a complex mixture of waxes, asphaltenes, and resins along with trapped oil, water, and inorganic material. The amount and composition of the solid deposits are a function of changing temperature, pressure, and oil composition during oil production (Leontaritis 1996; Chouparova et al. 2004) . It is known that solid deposits produced from different depths of the same well vary in amount and composition: the closer to the surface the bigger the amount of solid deposits and the bigger the share of low molecular weight n-paraffin hydrocarbon (macrocrystalline waxes) in them. At greater depths, little solid deposit is formed, but it contains a high proportion of the most high molecular weight paraffin hydrocarbons (microcrystalline waxes) (Chouparova et al. 2004) . Thus, it is believed that most unstable macro-and microcrystalline waxes may precipitate from oil and form the solid deposits at different depths in the well, in borehole equipment, and pipelines, and therefore high molecular weight hydrocarbons are practically absent in produced oils. This fact has been demonstrated repeatedly by comparative analyses of MMD of paraffin hydrocarbons in oils and in the corresponding solid deposits (Philp et al. 1995; Garcia 2001; Paso and Fogler 2004; Yang and Kilpatrick 2005) . Since we have shown that the most high molecular weight paraffin hydrocarbons are concentrated in asphaltenes; then in order to study the peculiarities of redistribution of the most high molecular weight paraffin hydrocarbons between oil and solid deposit, we studied the composition of n-alkanes in asphaltenes of solid deposits and compared it with that of the corresponding oils. The solid deposits studied were dark brown semi-solid materials, characterized by high melting point, and for this reason, they were classified as wax deposits (Table 1) . It should be noted that asphaltenes isolated from the wax deposits were light brown and had a greasy consistency. This testified that asphaltenes were polluted by waxes.
According to calorimetry data on these asphaltenes, there was a crystalline phase of paraffin hydrocarbons with enough high melting temperatures from 80 to 90°C and high enthalpies of melting 150-170 J/g (Fig. 4) .
Asphaltenes were investigated with GC. Figure 5 shows the MMDs of n-alkanes in asphaltenes of the wax deposits 3, 4, and 5. As can be seen, asphaltenes of wax deposits contained n-alkanes with a carbon number of 16-60 as the oil asphaltenes. The maxima of MMD of the n-alkanes in asphaltenes of wax deposit 3 was at 41-44, in asphaltenes of wax deposit 5 at 49-51. The MMD of n-alkanes in asphaltenes of wax deposit 4 was bimodal with the maxima at 27-29 and 40-42.
A comparative analysis of the composition and thermal properties of paraffin hydrocarbons in asphaltenes of crude oils and the corresponding wax deposits shows that the asphaltenes of crude oils contain higher molecular weight paraffin hydrocarbons (Figs. 1, 5) . Indeed, the maxima of MMD of n-alkanes in oil asphaltenes 3, 4, and 5 was at 54-56, 40-44, and 54-56 (Fig. 1) , whereas the maxima of MMD of n-alkanes in corresponding wax deposit asphaltenes showed n-alkanes with a smaller number of carbon atoms with maxima at 41-43, 40-42, and 49-51, respectively (Fig. 5) . The temperatures of melting of waxes in oil asphaltenes 3-5 were 101.2, 85.2, and 89.5°C while those in the corresponding asphaltenes of wax deposits were 88.1, 81.4, and 81.2°C. The higher temperatures of melting of waxes in oil asphaltenes confirm the higher molecular weight composition of waxes in them.
Thus, it is found that in produced oil there are higher molecular weight paraffin hydrocarbons that are absent in the wax deposits formed in the borehole equipment during production of this crude oil. In other words, the highest molecular weight n-alkanes do not precipitate out and remain dispersed in the oil. It should be noted that this fact is not surprising for mixture of individual n-alkanes in solvents and is predictable for crude oil. So, previously the polydispersity and cocrystallization of individual n-alkanes in solvents reduce the mass and high molecular weight homolog fraction in a deposit formed using a coldfinger apparatus (Senra et al. 2008 ). As to crude oils, the share of high molecular weight hydrocarbons in them is very low [a recurrence ratio of C n?1 /C n is approximately 0.7-0.8 (Senra 2009)] ; therefore, the n-alkanes that will crystallize out at the cloud point should not necessarily be the highest molecular weight n-alkanes present in the crude oil. However, it is known from papers (Philp et al. 1995; Garcia and Carbognani 2001; Paso and Fogler 2004; Yang and Kilpatrick 2005) that paraffin hydrocarbons in the wax deposits are higher molecular weight in comparison with those in the oil. The investigation of asphaltenes in which the highest molecular weight paraffin hydrocarbons are concentrated shows that indeed the wax deposit consists not the most high molecular weight hydrocarbons of crude oils. Evidently, more high molecular weight n-alkanes initiate the crystallizing of the more low molecular homologs causing their deposition from crude oil in a greater degree.
Conclusions
The research found that asphaltenes contain paraffin hydrocarbons with a wide MMD from 12 to 60. On the example of the oils of different ages from the Samara region, Russia, it is shown that the composition of paraffin hydrocarbons in asphaltenes depends on the age of the oil reservoir from which oil is produced. The higher the age of oil reservoir, the smaller the share of low molecular weight n-alkanes in asphaltenes. That may be due to the decrease in the share of low molecular weight n-alkanes in oil and the fact that with increasing depth of occurrence of the oil reservoir, the asphaltenes become denser and their ability to occlude low molecular weight hydrocarbons reduces. The increase in the share of high molecular weight nalkanes in asphaltenes with an increase in the age of oil reservoir is explained by the increase in their share in the oil, from which asphaltenes are precipitated. The higher molecular weight waxes may coprecipitate with asphaltenes and in some cases can form a crystalline phase in them with melting temperatures of 80-90°C. Therefore, the commonly used methods of determination of the content of waxes in oils (by acetone from maltenes or saturates) do not allow the investigation of the total content and composition of waxes of crude oil, especially their high molecular weight constituents.
The study of the composition of paraffin hydrocarbons in oil asphaltenes allowed identifying the peculiarities of redistribution of high molecular weight paraffin hydrocarbons between oil and wax deposits. In asphaltenes of oils higher molecular weight, n-alkanes are found in comparison with the corresponding wax deposits. This indicates that in the wax deposits not all high molecular weight paraffin hydrocarbons are concentrated. A part of higher molecular n-alkanes remains in oil and initiates crystallization of more low molecular weight homologs, causing their deposition from crude oil to a greater degree.
Thus, the performed study shows the need for a careful analysis of asphaltenes to determine the exact composition of paraffin hydrocarbons of oils, especially their high molecular weight constituents, and to detect the peculiarities of redistribution of high molecular weight paraffin hydrocarbons in crude oils.
